Composites of WC and SiC whisker (0-30 vol% SiC) were prepared at 1550 to 1800 C by using a resistance-heated hot pressing technique called spark plasma sintering. The composites obtained were examined for reaction products and microstructure, and were characterized for mechanical properties. The addition of small amounts of SiC induced the marked grain growth of WC, and drove the densification of WC. Above 10 vol% SiC, dispersed SiC phases impeded the grain growth of WC. Increasing sintering temperature made SiC whiskers thick and lowered the aspect ratio of whiskers. The hardness of composites decreased with increasing average grain size of WC. The Young's modulus of dense composites was decreased with the SiC content. The addition of 3 to 5 vol % SiC greatly increased the fracture toughness of WC.
Introduction
Tungsten carbide WC is very hard and chemically stable in corrosive circumstances, and has the highest Young's modulus of the hard transition-metal carbides in the IV, V, and VI groups. These properties are the most appropriate for cutting tools, dies, and abrasion-resistant parts with high performances. Since this material is not so easy to be consolidated even by hot pressing, liquid-phase-sintered WC-Co cemented carbides are used for practical purpose. Metallic binders like Co greatly improve fracture toughness but induces debasement in Young's modulus, hardness and corrosion resistance. We have searched ceramic binders to consolidate WC without debasing these properties, and found that addition of WB-W 2 B [1] [2] [3] or W 2 C 4) to WC is effective to decrease sintering temperature in hot pressing. However, these additives did not improve fracture toughness.
As widely known, silicon carbide whiskers (SiC W ) have a very preferable effect on the improvement of the fracture toughness of ceramics as a reinforcing agent. 5) Furthermore, SiC also is very hard as reported to have Vickers hardness values of 20-30 GPa. 6) Therefore, SiC will be a candidate for fabricating WC-base ceramics having excellent mechanical properties, if it is efficacious also in lowering the sintering temperature of WC. In this study, mixtures of WC powder and SiC W were sintered using a resistance-heated hot pressing, and the effect of SiC W addition on the sinterability of WC was examined, and mechanical properties were measured for the WC-SiC W composites. Results obtained showed that the SiC W addition had very preferable effects on both the sinterability and the fracture toughness of WC.
Experimental
A WC powder (Japan New Metals, average particle diameter 0.71 mm, chemical composition (mass%): total carbon 6.07, free carbon 0.01, Fe 0.05, Mo 0.02, W bal.) and an -SiC whisker (Tokai Carbon, average diameter and length 0:4 mm Â 30 mm, impurity (mass%): SiO 2 0.2) are used. The SiC whisker was dispersed into ethanol using an ultrasonic cleaning machine with a stirrer. The WC powder was added into the mixture, and was mixed in the same way. The slurry thus obtained was dried with a rotary evaporator and then with a drying oven. The WC-SiC W mixture was sintered with a resistance-heated hot pressing machine (Sumitomo Coal Mines, SPS-2080, named Spark-Plasma Sintering Machine). Details of sintering procedure and characterizing methods for sintered bodies were described in the previous papers. [1] [2] [3] [4] The sintering conditions are as follows: applied pressure 50 MPa, heating rate 50 CÁmin À1 , sintering temperature 1550 to 1800 C, and holding time at a sintering temperature 20 min. Temperature was measured at the 10-mm inside of the die surface through a small hole with an optical pyrometer. Sintered bodies were examined for reaction products by a high-power X-ray diffractometer (Rigaku, RINT-2500VHF, output 18 kW) and metallographically with an electron microanalyzer (JEOL, JXA-8200), and were characterized for density and mechanical properties: Vickers hardness, elastic modulus, and fracture toughness. The Vickers hardness was measured under a 98 N load held for 15 s. The fracture toughness was estimated by the indentation fracture method using Evans and Davis's equation, 7) which evaluates adequate values for WC-Co cemented carbides. 8) 3. Results and Discussion
Reaction products and microstructure
Either or both of the tungsten silicides WSi 2 and W 5 Si 3 were formed as reaction products in WC-SiC w composites, and the tungsten hemicarbide W 2 C in WC without SiC w . The relative peak intensity I n =AEI i for each product formed at 1650 C was shown as a measure of product ratio in Fig. 1 , where I n is the strongest peak intensity for nth product in * Graduate Student, Akita University an X-ray diffraction spectrum and I i that for ith product. For -SiC, the strongest diffraction peak was reflected by (100) plane, and was perfectly hidden in WC (100) peak. Hence, peak intensities of SiC (100) were converted from those of SiC (101), which peak was isolated, using the corresponding intensities in the JCPDS powder diffraction file 9) for -SiC. The relative intensity of SiC is much lower than its concentration. Similar phenomenon was observed in Al 2 O 3 -SiC w -TiC composites hot-pressed at 1700 to 1800 C. 10) The relative intensity of the W 2 C formed in the WC without SiC W was much higher than that for the starting WC powder. This fact suggests that the W 2 C formation is fundamentally due to the surface oxidation of the very fine starting powder and the resulting carbon reduction reaction of WC at high temperatures. The addition of SiC obliterated W 2 C and correspondingly produced WSi 2 and W 5 Si 3 . Above 10 vol% SiC W , any W 2 C was not detected. Change in the relative peak intensity for the WC-30 vol% SiC W composites with sintering temperature is shown in Fig. 2 . WSi 2 was only a reaction product at 1550 C, but above 1650 C WSi 2 disappeared and alternatively W 5 Si 3 was formed. As shown in the W-Si-C phase diagram 11) of Fig. 3 , the mixed phase of WC and SiC can not coexist either with W 2 C or WSi 2 phase at equilibrium, but with W 5 Si 3 phase. This means that equilibrium was completed during sintering above 1650 C. Similar W 5 Si 3 formation phenomena were reported in the interfacial reactions between SiC and W at high temperatures. 12) In these reactions, the layer sequence of SiC/WC/ (WC + W 5 Si 3 + W 2 C mixture)/(WC + W 2 C mixture)/W was formed at the interfaces. This fact also supports that SiC reacts with W 2 C to produce W 5 Si 3 and WC.
The microstructures of the WC-SiC W composites sintered at 1650 C were shown in Fig. 4 . The WC sintered body included many small pores. At 5 vol% SiC W , WC grains grew a lot, and SiC whiskers became round. Above 5 vol% SiC W , the growth of WC grains was blocked by increasing rod-like SiC phases. The morphlogical changes of the WC-30 vol% SiC W composite with sintering temperature are shown in C and no longer whisker-like at 1600 C. SiC whiskers coalesced and ballooned to a larger extent with increasing sintering temperature. Such coalescing and ballooning of whiskers is not reported in the Al 2 O 3 -SiC W composites hot-pressed at high temperatures of 1830 C 13) and 1900 C.
14)
Density
The bulk density and relative density of the WC-SiC W composites are shown in Fig. 6 . WC could not be sintered densely at 1650 C as shown in Fig. 4 . The WC sintered body obtained at 1800 C had a bulk density of 15.70 gÁcm À3 , which was very close to its X-ray density, 15) of WC and that of -SiC 3.216 g cm À3 .
9) The addition of 3 vol% SiC significantly improved the sinterability of WC, and the composites containing 3 to 5 vol% SiC W were fully dense at 1650 C. Above 10 vol% SiC W , the relative density gradually decreased with the SiC content. For 30 vol% SiC W composite, a fully dense level was achieved at 1750 C.
Mechanical properties
The Young's modulus of the WC-SiC W composites is shown in Fig. 7 . The calculated line was obtained from the Young's modulus value 702 GPa for WC sintered at 1800 C and 440 GPa for a hot-pressed -SiC polycrystal 16) by an additivity law for the volume contents of SiC phases. The modulus value of WC is in good agreement with the reported one 700 GPa. 17) The insufficient densification of the WC sintered at 1650 C, as shown in Fig. 4 , brought a low value. The Young's modulus of the composites sintered at 1650 C above 20 vol% SiC W deviated downwards from the calculated line in response to the decrease in the relative density shown in Fig. 6 . For the 30 vol% SiC W composite sintered at 1750 C, its Young's modulus fell on the calculated line corresponding to its full densification. The Poisson's ratio of the WC was 0.208, and was not varied by the SiC addition. Reported one for SiC, 17) 0.19, is very close to that of WC. As clearly shown in the plots for the WC and WC-30 vol% SiC W composites, the difference in the porosity did not influence the Poisson's ratio. In general, the Poisson's ratio of ceramics having relatively low porosities are not varied by the porosity, as reported for many ceramics, e.g., Al 2 O 3 , 18) B 4 C, 19) NbC, 20) TaC, 20) and WC-WB-W 2 B.
2)
The Young's modulus of ceramics in the relatively low porosity range, as widely known, decreases linearly with increasing porosity, viz., decreasing bulk density. As expected, the 30 vol% SiC W composites had a linear dependence on the bulk density as shown in Fig. 8 .
The Vickers hardness of the WC-SiC W composites sintered is shown in Fig. 9 . The dense WC sintered at 1800 C had a high hardness of 25.3 GPa. This value is close to the reported one 21) obtained at the same indentation load that we employed in this study. However, the hardness of WC sintered at 1650 C was very low because of its high porosity. The addition of SiC W significantly lowered the hardness up to 5 vol%, and reversely raised it above this concentration. Since the hardness of SiC sintered bodies is in the range of 20 to 30 GPa, 6 ) the dispersion of SiC into the WC sintered at 1800 C will not cause such a significant decrease in the hardness. As shown in SiC content (vol.%) Bulk density, d / g cm -3 Relative density (%) 1650°C 1650°C 1750°C 1800°C Theoretical density strength is proportional to (grain size) À1=2 , holds in various oxide ceramics. 22) Thus ceramics generally have linear hardness-(grain size) À1=2 dependences at grain sizes below several mm. 23) Consequently, the hardness of brittle materials should be lowered with increasing grain size. The hardness change with the SiC content at 1650 C is attributed to the grain size change of WC, because WC phase constitutes a major volume portion in a composite. The hardness decrease for the 30 vol% SiC W composites with sintering temperature above 1650 C supports the grain size effect on the hardness. The hardness change for the 30 vol% SiC W composites with sintering temperature below 1650 C corresponds to the relative density change, viz., the porosity change.
The fracture toughness of the WC-SiC W composites sintered is shown in Fig. 10 . The addition of only 3 vol% SiC W greatly increased the fracture toughness of WC from 5.9 to 7.8 MPaÁm À1=2 . Above 10 vol% SiC, although the fracture toughness decreased from the maximum, it still maintained high levels above 7 MPaÁm À1=2 . The low fracture toughness values below 1650 C are due to their low relative densities. For the brittle materials of the same composition, there is a correlation between hardness and fracture toughness: as the hardness increases with decreasing grain size, the fracture toughness decreases. Thus grain growth at high sintering temperatures should cause an increase in the fracture toughness. According to Rice, 5) increasing whisker aspect ratio and diameter improve fracture toughness as well as increased matrix grain size, and stresses from thermal expansion differences between whiskers and matrix phases also contribute to toughening. The thermal expansion difference between WC and -SiC is small, 17) and does not probably result in toughening. As shown in Fig. 10 , the fracture toughness of the dense 30 vol% SiC W composites sintered above 1650 C decreased with sintering temperature, though the grain size increased. Since increasing grain size must actually contribute to toughening, the fracture toughness decrease can not be explained by the effects of the grain size and the residual stress. As shown in Fig. 5 , no SiC phases were fine whiskers in shape above 1550 C. Nevertheless, the fracture toughness of the 30 vol% SiC W composites sintered at 1750 C was much higher than WC. This suggests that SiC phases, being rod-like, did not lose reinforcing effect. For SiC, since the toughness values reported for hot-pressed 24) and hot-forged 25) SiC polycrystals are lower than or nearly equal to WC, 3.8 to 5.9 MPaÁm À1=2 , SiC phases in shape of whiskers or fine particles need to be dispersed for toughening a matrix WC phase. Consequently, decreasing whisker aspect ratio caused the fracture toughness decrease above 1650 C. The reason why the addition of only 3 vol% SiC W greatly increased the fracture toughness could not be clarified in this study.
Conclusions
Slight amounts of WSi 2 and W 5 Si 3 were formed in the WC-SiC whisker composites as reaction products at 1550 C, but above 1650 C only W 5 Si 3 was formed consistently with the phase relation in the W-Si-C phase diagram. The addition of 3 to 5 vol% SiC W resulted in the marked growth of WC grains, and greatly improved the sinterability of WC. Above 5 vol% SiC W , the growth of WC grains was blocked by increasing SiC phases. SiC whiskers coalesced and ballooned to a larger extent as the sintering temperature increased. The Young's modulus of the dense composites was decreased with the content of SiC having a much lower modulus value than WC, and the Poisson's ratio was not varied. The hardness decreased with increasing WC grain size. The fracture toughness was greatly improved by the addition of 3 to 5 vol % SiC W . Increasing sintering temperature decreased the fracture toughness because of lowering aspect ratio of whiskers. 
